Annealing and heat-moisture treatment (HMT) are shown to be suitable methods to increase the yield of resistant starch type 3 (RS3) from Novelose 330 by up to 75 %. Peak temperatures of approximately 1218C were used to produce to a sufficiently high thermal stability of the hydrothermal modified RS3 products for a wide range of applications. HMT significantly increased the crystallinity up to 40 %. An in vivo feeding experiment with Wistar rats showed that fermentation of Novelose 330 dominated in the proximal colon, but degradation of HMT-Novelose was more dominant in the distal colon, leading to higher butyrate concentrations in this segment of the large bowel. Large-bowel surface and crypt length increased in the proximal colon in rats fed the Novelose 330-containing diet. In contrast, after the intake of HMT-Novelose, maximal values were found in the distal segment. The lower pH and higher butyrate concentration of the caecal and colonic contents significantly suppressed the formation of secondary bile acids in RS3-fed rats. The formation of secondary bile acids was inhibited more strongly by HMT-Novelose than by Novelose 330. The Ki-67-immunopositive epithelial cells in the colon of RS3-fed rats indicated the establishment of an optimal balance in the dynamic process of mucosal regeneration. HMT provides a method for the economical production of a high-quality RS3 with dominating prebiotic properties in the distal colon for health-promoting applications.
The mammalian intestine is densely populated with different strains of bacterium, making it an important site for hostmicrobe interactions, which are associated with several beneficial functions. These include the growth of a bacterial population with an apathogenic composition, nutrient-processing, the regulation of intestinal angiogenesis, the development of gut-associated lymphoid tissue, the induction of mucosal immunity, etc. (Barcenilla et al. 2000; Macfarlane & Cummings, 2002; Spahn & Kucharzic, 2004) .
Specific health-promoting mechanisms of bacterium -host interactions have evolved in the anaerobic milieu of the large bowel, in which butyrate production by bacterial fermentation plays a particularly crucial role. The caecum, colon and rectum are the principal sites in the intestine where the metabolism of mucosal epithelial cells is strongly connected with that of bacteria. Butyrate is the essential energy source for colonocytes and is the substrate for de novo lipogenesis (Roediger, 1982; Zambell et al. 2003) . Furthermore, SCFA act as signal metabolite in the homeostasis of colonocytes, regulating the balance between proliferation, differentiation and apoptosis (Velázquez et al. 1996b; McCullough et al. 1998) . Additionally, butyrate can induce anti-inflammatory, anticarcinogenic and immunosuppressive effects in vivo, illustrating the importance and effectiveness of butyratemediated mechanisms from the host defences against potentially toxic luminal compounds. (Velázquez et al. 1996a; Andoh et al. 2003 ). An interaction with butyrate-specific elements of multiple genes causes this fermentation product to induce the expression of many regulatory proteins, for example p21, cyclin D3, protein kinase C-d, mitochondrial 3-hydroxy-3-methylglutaryl-CoA-synthase and glutaminase (Siavoshian et al. 2000; Iacomino et al. 2001; Tabuchi et al. 2002; Cherbuy et al. 2004 ).
Among the amylolytic butyrate producers, strains of Eubacterium are the most important bacteria. A precondition to optimise their growth is a sufficient starch supply in the large bowel lumen. However, the distal colon and rectum are the regions with the most limited starch sources of carbon and energy for bacterial growth, and butyrate concentrations in these regions of the gut are often very low; consequently, these are sites of widespread diseases such as ulcerative colitis and cancer.
This problem can be overcome without an additional energy load to the organism by an intake of prebiotic resistant starch (RS). This type of starch has a reduced caloric content and decreases insulin secretion compared with rapidly digested starches (Ranhotra et al. 1996) . RS is defined as the sum of starch and products of starch degradation not absorbed in the small intestine of healthy individuals, because it cannot be hydrolysed by pancreatic enzymes (Englyst et al. 1992) . From the four types of RS classified (1, physically inaccessible starch from whole or partly milled grains; 2, native starches; 3, retrograded starches; 4, chemically modified starches), RS3 has the best prebiotic properties (Asp et al. 1996) .
In general, RS3 is produced from gelatinised debranched starches by retrogradation (Eerlingen & Delcour, 1995) . Gelatinisation destroys the crystalline structure of the starch granule. During recrystallisation, microcrystalline filaments aggregate as double helices and form a tightly packed crystalline network stabilised by H bonding (Wu & Sarko, 1978) . The butyrogenic properties of RS3 products differ significantly because the length of 1,4-a-D-glucans influences the retrogradation and, consequently, the quality of RS3 products. Chain lengths with a degree of polymerisation of about 20-35 units of glucose are optimal not only for a high output of heat-stable butyrogenic RS3, but also for a high proportion of crystallinity with an X-ray diffraction pattern of B-type structure and a low proportion of colloidal inhomogeneity (Pfannemüller, 1987; Eerlingen et al. 1994; Schmiedl et al. 2000) . The biotransformation of sucrose to 1,4-a-D-glucans catalysed by the amylosucrase of Neisseria polysaccharea accomplishes this requirement, but this procedure is not industrially used (Büttcher et al. 1997) .
A higher yield of RS3 is required for a wide range of applications. Thus, the purpose of the present study was to increase the yield of RS3 in the commercial type 3 RS product Novelose 330 by hydrothermal methods such as annealing and heat-moisture treatment (HMT). Proceeding on the assumption that both granular starch and RS3 are crystalline starch types, the methods of annealing and HMT may be promising strategies to reach this goal by optimising processing conditions. The quality of the RS3 products obtained (thermal stability, crystalline structures, fermentation properties) were characterised with respect to resistant structures. Microbial RS3 breakdown and the influence of Novelose 330 and HMT-Novelose on bile acid turnover, secondary bile acid formation and biological activities were investigated in comparative in vivo studies with rats.
Materials and methods

Hydrothermal treatment of Novelose 330
Novelose 330 w was obtained from National Starch & Chemical (Bridgewater, NJ, USA).
Annealing. Samples of Novelose 330 were weighed into glass vials and hydrated with ionised water to obtain moisture contents of 70 and 80 % (w/w). The vials were tightly capped and equilibrated overnight, after which the samples were tempered at 85 and 908C for 4, 6 and 24 h. Annealing was stopped by cooling for 3 h at room temperature, and samples were freeze-dried.
Heat-moisture treatment. Starch pastes of Novelose 330 (concentration 60-90 %, w/w) were equilibrated overnight and then autoclaved for 1 h at different temperatures between 105 and 1218C before being cooled for 2 h at room temperature. Finally, the HMT-Novelose was frozen for 1 h at 2 208C and freeze-dried.
Differential scanning calorimetry
Differential scanning calorimetry experiments were performed with a DSC-120 (Seiko Instruments, Neu Isenburg, Germany), using indium for calibration. The samples were weighed into silver pans, and water was added to obtain a DM-H 2 0 ratio of 1:5 (w/w). The samples were sealed and heated from 10 to 2208C (48C/min). A pan filled with water was used as reference. The onset, peak and conclusion temperatures T o , T p , and T c , as well as conversion enthalpy, DH, were calculated by integration using Seiko software (SSC 5200H; Seiko Instruments, Tokyo, Japan).
X-ray diffraction
The X-ray wide-angle scattering curves were recorded for each starch sample using a microcomputer-controlled, modified five-slit diffractometer (Freiberg Präzisionsmechanik, Freiberg, Germany) in transition. The operating conditions were CuK aradiation generated in a five focus tube at (1·2 kW), and scattering region 0·428 # 2u # 0·528 (2u scattering angle). The crystallinity of the RS3 samples was determined according to the procedure described by Gernat et al. (1993) .
Rat experiment
Young male Shoe-Wistar rats (Tierzucht Schönwalde GmbH, Schönwalde, Germany) weighing 203·4 (SD 12·5) g were randomly divided into three groups of five animals each and kept in a temperature-controlled environment (22^28C) with a normal 12 h light-12 h dark cycle. All rats were fed the control diet for 7 d after arrival. They were then fed the control diet or the diets supplemented with the same amount of RS3 in the form of either Novelose 330 or HMT-Novelose for 25 d. The composition of the diets is given in Table 1 . The HMT-Novelose was the starch produced with the highest RS3 content. The rats had free access to food and water during the experiment.
After 25 d of consuming the diets, the rats were killed by CO 2 asphyxiation, and selected organs (e.g. caecum, colon), as well as the contents of caecum, colon and faeces, were collected, prepared and immediately stored at 2208C for analysis. The colon was divided into the proximal and the distal parts, and tissue was taken for histological investigations.
The rat experiment was carried out in the Max-Rubner-Laboratory of the German Institute of Human Nutrition, Potsdam-Rehbruecke. The experimental protocol was performed according to international and national guidelines. All treatments and diets were formally approved by the Animal Welfare Committee of the State Brandenburg (Ministry for Agriculture, Environmental Protection and Regional Planning), Germany.
Analytical methods
The total starch content of diets was determined enzymatically using amyloglucosidase after starch extraction with 1 M-NaOH. The glucose released was analysed with the hexokinase/glucose-6-phosphate dehydrogenase kit from Boehringer (Mannheim, Germany). RS was measured in vitro by a modified Englyst method (Englyst et al. 1992 ) after hydrolysis of the digestible starch and extraction of the hydrolysis products with 80 % ethanol. The RS was dissolved in 1 M-NaOH, hydrolysed with amyloglucosidase and determined enzymatically as released glucose using the kit described above.
SCFA were analysed in the intestinal contents and in freshly taken faeces by GC as previously described (Sembries et al. 2003) . The extraction and purification procedures of freezedried intestinal contents and faecal materials, and of analysis of the bile acids by HPLC using pre-column derivatisation with 4-bromomethyl-7-methoxycoumarin and fluorescence detection, are given elsewhere . The pH values were measured in the homogenised suspensions of caecal and colonic contents (material -H 2 0, 1:5, w/v) using a glass electrode.
Experimental procedure for histological investigations
The first centimetre of the proximal colon and the last centimetre of the distal colon were washed in ice cold PBS, fixed in 4 % formalin for 24 h and washed for 24 h under tap water. Afterwards, the specimens were dehydrated and embedded in paraffin wax.
For determination of crypt length, tissues sections (2 mm) from the proximal and distal colon were stained with haematoxylin and eosin after rehydration. The crypt length was determined as the distance between the basal side of the lamina epithelialis at the bottom of the crypt and the apical side of the lamina epithelialis at the top of the crypt.
To evaluate cell proliferation, Ki-67 was immunohistochemically detected on rehydrated sections from the proximal and distal colon. Briefly, the slides were immersed twice for 5 min in boiling Target Retrieval Solution (Chem Mate; Dako, Hamburg, Germany). After the slides had been treated with 3 % H 2 O 2 for 10 min, the sections were incubated with a mouse monoclonal antibody against Ki-67 (MIB-5; Dianova, Hamburg, Germany) in a 1:100 dilution with Antibody Diluent (Dako) overnight at 48C in a humid chamber. The secondary antibody, biotin-conjugated rabbit anti-mouse IgG (Dako), was used in a 1:500 dilution for 30 min at room temperature, followed by incubation with a streptavidin -biotin -horseradish peroxidase complex (StreptABComplex/HRP; Dako) and visualisation via diaminobenzidine (Dako). Each step was followed by thorough rinsing with PBS three times for 5 min.
Microscopy and morphometry were carried out using a light microscope (E1000; Nikon, Düsseldorf, Germany) in combination with camera model CCD-1300CB (Vosskuehler, Düsseldorf, Germany) and the digital analysis system Lucia Image 4·61 (Nikon).
Statistics
A randomised, complete block design was used in the present study. Statistical analysis was performed using Statistical Package for Social Sciences software SPSS 11.0 (SPSS Inc., Chicago, IL, USA). All values are given as mean values and standard deviations. Data were analysed by one-way ANOVA, and differences between the Novelose groups and the control group were evaluated by Dunnett's t test and Dunnett's T3 test for multiple post hoc comparisons. Differences with a value P,0·05 were considered significant.
Results
Hydrothermal steps to produce RS3 in high yield and quality
Novelose 330 is a retrograded RS3 generated from the hydrolysed products of corn starch. This commercial product contains 40·4 % RS3. It is composed of a low molecular fraction with a chain length of a-1,4-D-glucans of between 10 and 40 glucose units and a larger amount of higher-molecular-weight polymers. As in granular starches, RS3-containing products represent partial crystalline systems. Therefore, hydrothermal procedures have been used to increase the yield of RS3 and to achieve a high stability of the resistant structures of Novelose. The two hydrothermal methods used in this study were annealing and HMT.
Important characteristics that had to be considered for successful annealing were water in excess and optimal temperatures, which are lower than the differential scanning calorimetry peak temperature of gelatinisation. The highest RS content, of 67 % RS3, was obtained after tempering at 908C for 24 h ( Table 2 ). The increase in RS3 was less with shorter heating times and with lower temperatures. The results of differential scanning calorimetry investigations and X-ray analysis indicated that annealing enhanced the resistant structures of Novelose 330 but did not change the X-ray diffraction pattern.
Lower moisture content and higher temperatures compared with the annealing process are characteristic features of HMT. The highest RS3 yield of 74·8 % was obtained by using an 80 % (w/w) starch paste with autoclaving at 1218C. Lowering the temperature and increasing the moisture content both reduced RS3 output. HMT enhanced the stability of resistant structures and abolished the first endotherm in differential scanning calorimetry (Table 3) . In contrast to annealing, an increase in transition enthalpy was observed. Although both Novelose 330 and HMT-Novelose possessed two endotherms, with peak temperatures of 110·8 and 124·88C, and 114·8 and 128·18C, respectively, HMT gave only one endotherm, with a peak temperature of 124·08C. From the increase in transition enthalpy, DH, induced by HMT, it can be assumed that more material exists in the crystalline state. X-ray diffraction analysis confirmed this conclusion ( Fig. 1) . Three structural characteristics were determined from the X-ray diffraction diagrams: the degree of crystallinity, the crystalline types and the dimension of colloidal inhomogeneities. Crystallinity describes the portion of crystallinity of the total system, which can reach a maximum value of 50 % in RS3 products. Crystallinity was calculated from the X-ray diffraction pattern using the equation
where the area below the amorphous diffraction diagram is A a , and A c corresponds to the area below the crystalline peaks. HMT significantly enhanced the crystalline part from 25·3 % in Novelose 330 to 40·0 % in HMT-Novelose, and this increase in crystallinity was accompanied by a decrease in colloidal inhomogeneity. The crystallinity correlated with the temperature stability of the RS3 products but did not correlate with its structural type. Although Novelose 330 was exclusively composed of type B crystals, HMT-Novelose included predominantly B structures but additionally a small proportion of type A crystals.
Both hydrothermally treated RS3 products of Novelose 330 have been tested in twelve human subjects. All the subjects confirmed good sensory properties and a palatable mouth feeling (data not shown). The increased RS3 content and higher temperature stability of the annealed or HMT-RS3 products may open wider fields for the application of modified Novelose 330 in the food industry.
Body weight gain and net weights of the large bowel
All rats fed the test diets were in good health and grew constantly throughout the experimental period. At the end of the study, the rise in mean body weights of all the rats was 121·5 (SE 10·8) g. Table 4 shows the weights of the whole caecum and colon. An intake of either of the RS3 products resulted in a significant increase in caecum weight; this effect was more pronounced in rats consuming Novelose 330 than in rats consuming HMT-Novelose. Colon weights tended to rise only slightly in rats fed the HMT-Novelose-supplemented diet (P¼0·055).
More evidence on diet-mediated changes of the large bowel contents resulted from a comparison of the wet contents of the different segments of the intestine. As expected, the increase in caecal content in the Novelose 330-fed rats was larger than that in animals given HMT-Novelose. The weight of the proximal colon contents of Novolose-fed rats was significantly different from that of both control and HMT-Noveloseconsuming animals. However, the weight of contents from the distal colon was significantly higher in rats fed HMT-Novelose. These data show that Novelose 330 is fermented a little better in the upper part of the large bowel, whereas the doubled biomass in the distal colon reflects the good fermentation of HMT-Novelose (Table 4 ) in this region of the colon.
Short-chain fatty acids
The consumption of both RS3 products significantly affected the concentration of SCFA in the large bowel, but to different extents in the three intestinal segments (Table 5 ). In the caecum, the main site of bacterial fermentation, there was an increase in total SCFA concentration of approximately 42 % with Novelose 330 compared with approximately 33 % for HMT-Novelose. The values for these two RS3 products are not significantly different from each other. Acetate was the dominant SCFA in all segments of the large intestine, with a molar proportion of approximately 73 %.
The consumption of both RS3 products resulted in a significant increase in butyrate concentration in all regions of the intestine examined. In the caecum and proximal colon, the Table 3 . Thermal stability of Novelose 330 (N 330), annealed Novelose (AN-N) and heat-moisture-treated Novelose (HMT-N) measured by differential scanning calorimetry* 104·2  0·38  110·8  0·55  113·5  0·86  1·0  0·17  113·7  0·45  124·8  0·56  134·2  0·68  4·5  0·42  AN-N  106·8  7·30  114·8  1·30  122·5  1·90  1·5  0·30  117·5  3·00  128·1  0·20  136·3  0·70  4·7  0·30  HMT-N  111·6  0·25  124·0  0·80  137·1  0·10  11·7  0·70 T 0 , onset temperature; T p , peak temperature; T c , conclusion temperature; DH, conversion enthalpy. * For details and procedures, see pp. 1064-1065. two starches had similar effects. However, for distal colon and faecal samples, the butyrate concentration was significantly higher in rats fed HMT-Novelose than in rats fed Novelose 330. The concentration of butyrate fell by 75 % between the caecum and faeces in the control rats, but the fall was less marked in rats fed Novelose 330 (45 %) and was only 13 % lower in rats fed HMT-Novelose (Fig. 2) . As a result, the concentration of butyrate in the distal colon was 3·8 times greater in rats fed HMT-Novelose than in control animals, and 5·3 times higher in the faeces when compared with the control rats.
The elevated SCFA concentrations in the faeces of rats fed Novelose 330 and the higher concentrations in rats fed HMT-Novelose shows that an exchange of 10 % starch with a butyrogenic RS3 in the diet is sufficient to provide enough substrate for bacterial fermentation in the distal colon and rectum.
These data suggest that Novelose 330 is preferentially fermented in the upper part of the large bowel but that HMT-Novelose favours SCFA production in the distal colon. The results of preliminary in vitro experiments with fresh human faecal microbial flora have also confirmed a good fermentation of HMT-Novelose (data not shown).
With the increase in SCFA concentration, the pH decreased in the large bowel. In comparison with the control diet, with which the pH did not change from 7·5 in any segment of the large bowel, consumption of Novelose 330 lowered the pH in caecum and proximal colon to 6·6 and 6·5, respectively. Intake of HMT-Novelose resulted in a further fall in pH in the distal part of colon, to 6·3.
Effects of Novelose 330 and HMT-Novelose on bile acids in the large bowel and faeces RS3 affected both the turnover of bile acids and, via the fermentation products, their enzymatic modification to secondary bile acids. This starch type will bind bile acids in the same way as starch, and as a consequence more bile acids arrived in the large intestine.
Owing to the RS3-mediated increase in caecal volume, the total bile acid concentration rose only slightly in both RS3 groups compared with the control group (Fig. 3) . The proportion of caecal primary bile acids was, however, significantly higher in RS3-fed animals, and the concentration of secondary bile acids was lower (Fig. 4) . With water reabsorption in the distal colon, the total bile acid concentration increased because the reabsorption rate of bile acids is minimal. This effect was lowest in HMT-Novelose-fed rats, with the distal colon in these animals exhibiting the biggest volume.
The proportion of secondary bile acids was 66 % in controls but was reduced to 50 % in the Novelose 330 and 44 % in the HMT-Novelose group, respectively (Fig. 4) . These data suggest that the intake of HMT-Novelose inhibits the colonic formation of secondary bile acids most strongly. The concentration of secondary bile acids in the proximal colon amounted to 62 % in controls, 48 % in Novelose-330fed but only 43 % in HMT-Novelose-fed rats (P,0·05 for HMT-Novelose compared with control and Novelose 330 groups).
Bacteria deconjugate and transform primary bile acids into secondary bile acids during passage through the large bowel, which leads to changes in the spectrum of individual bile acids (Table 6 ). The effect of RS3 on the concentration of muricholic acid (MCA) and cholic acid has been of special interest because these bile acids are substrates for the generation of secondary bile acids that have oncogenic potential. The concentrations of these primary bile acids were higher in RS3-fed rats. This effect was most pronounced in HMT-Novelose-consuming animals (Fig. 5) . These data suggest that the two RS3-enriched diets decreased the transformation of the major primary bile acids (cholic acid, aMCA, bMCA) into secondary bile acids to a different extent (Fig. 5 ). In the proximal and distal colon, HMT-Novelose diminished MCA transformation by 32 % and to 37 %, but Novelose 330 by only 2 % and 3 % ( Table 6 ). The level of cholic acid was 20 % and 33 % higher in the proximal and distal colon of the Novelose 330 group but 56 % and 61 % higher in HMT-Novelose-fed animals compared with the controls. These data demonstrate that HMT-Novelose inhibits the formation of secondary bile acids more effectively than Novelose 330 in the large bowel.
Deoxycholic acid (DCA), lithocholic acid (LCA), hyodeoxycholic acid (HDCA) and 12-ketolithocholic acid are the dominant secondary bile acids in the large bowel of rats (Table 6 , Fig. 6 ). Both RS3 products inhibited the formation of HDCA most strongly. Compared with controls, the Table 5 . SCFA in the intestinal contents and faeces (mmol/g wet weight or %) of rats fed the control diet or a diet containing Novelose 330 (N 330) or heat-moisture-treated Novelose (HMT-N) for 25 d* (Means and standard deviations, n 5)
Caecum
Proximal colon Distal colon Faeces
a,b,c Mean values within a column and an individual SCFA or total SCFA with unlike superscript letters were significantly different (P, 0·05). * For details and procedures, see Table 1 and pp. 1064-1065. HDCA concentration of the distal colon was significantly reduced, by 64 % in the rats fed Novelose 330, and by 81 % in the HMT-Novelose group. RS3 also significantly reduced the increase in LCA in the digesta in the large bowel. The concentrations of LCA were 40 % and 32 % lower than in the controls in the proximal and distal colon of the Novelose 330 group. This inhibitory effect was, however, smaller in the HMT-Novelose-fed rats. An intake of RS3 also reduced the concentration of DCA in the colon, the effect once again being greater in rats fed Novelose 330 than HMT-Novelose (Fig. 6) . The concentrations of ketolithocholic acid were approximately 30 % lower in the proximal and distal colon of RS3-fed rats (Table 6) , and the effect of the two starch sources was similar.
Crypt length and cell proliferation
An intake of the diet enriched with Novelose 330 or HMT-Novelose stimulated colonocyte cell growth. The consumption of Novolose 330 resulted in longer crypt length in the colon, and the consumption of HMT-Novelose in particular resulted in increased crypt length in the distal colon (Table 7) . Crypt-branching was frequently found in the proximal but rarely found in the distal colon of RS3-fed rats. An intake of RS3 also increased the number of crypt goblet cells; this effect was more pronounced in the distal colon in HMT-Novelose-fed rats than in rats fed Novelose 330 (Table 7) . Cellular proliferative activity was determined as the number of Ki-67-positive cells. This nuclear non-histone protein is expressed in proliferating cells throughout all cell phases of the cell cycle except G 0 and early G 1 , with a maximum in G 2 and M phase. RS3 intake resulted in a small decrease in the number of Ki-67-labelled cells per crypt in the proximal and distal colon of Novelose 330-and HMT-Novelose-fed rats (Table 7) , but these differences were not statistically significant.
Discussion
The production of RS3 is currently a three-step process: debranching of native starch, gelatinisation and retrogradation under optimised conditions with respect to storage temperatures and starch concentrations for the primary starch source (Topping & Clifton, 2001) . The critical point during this procedure is the degree of polymerisation. Polymers of fewer than ten glucose units inhibit retrogradation (Gidley et al. 1995) , which significantly affects the yield of RS3. Chain-length distributions of a-1,4-D-glucans of between 10 and 40 are optimal for RS3 output, which can achieve values up to 94 % (Schmiedl et al. 2000) . A degree of polymerisation above 40 results in a lowering of RS3 yield. A debranching by pullulanase of amylopectin, which Table 1 and pp. 1064 -1065. Sec., secondary. 
CA, cholic acid; DCA, deoxycholic acid; KDCA, 7-ketodeoxycholic acid; KLCA, 12-ketolithocholic acid; CDCA, chenodeoxycholic acid; LCA, lithocholic acid; UDCA, ursodeoxycholic acid; MCA, muricholic acid; HDCA, hyodeoxycholic acid. a,b,c Mean values within a column and an individual bile acid with unlike superscript letters were significantly different (P, 0·05). * For details and procedures, see Table 1 and (mean values and standard deviations, n 5). Mean values were significantly different from those of the control group: *P, 0·05, **P, 0·005, ***P, 0·001. For details and procedures, see Table 1 and pp. 1064 -1065.
contained nearly optimal side-chain lengths, resulted in a mixture of low-and high-degree polymerisation polymers, which hampered retrogradation. RS3 output from native amylose or amylopectin does not therefore normally exceed 50 % (Lehmann et al. 2003) . This problem can be overcome by the hydrothermal treatment of retrograded RS3. In general, HMT and annealing prevail as methods of modifying granular starches by hydrothermal treatment (Stute, 1992) . As described in this paper, both procedures can be successfully applied to increase RS3 yield in retrograded RS3 products. From the properties described and from economical considerations, it can be concluded that HMT increases RS3 output more effectively than annealing. HMT needs less water, energy and time than tempering. Annealing does not affect the X-ray diffraction pattern of Novelose 330 but it induces higher polymer interactions between both the amorphous and the crystalline matrix. From X-ray diagrams, it can be confirmed that HMT in general causes an increase in crystallinity combined with a small proportion of type A structure.
According to Gidley et al. (1995) , numerous factors are known to influence the crystalline type of starches: temperature, concentration of starch solution, salts, organic molecules as well as the chain length of a-1,4-D-glucans. Pfannemüller (1987) reported that non-dispersed amylose with a degree of polymerisation of between 10 and 12 forms type A crystals, and chain lengths with more than twelve glucose units crystallise to the B type. This may explain why more glucans with a Table 1 and pp. 1064 -1605. degree of polymerisation in the range 10-40 are released by HMT of Novelose 330, which degrade predominantly to B crystals but with a smaller fraction with a degree of polymerisation of 10-12 in type A (Fig. 1) . A comparison of high-performance anion-exchange chromatograms also showed that HMT increases the proportion of material with a degree of polymerisation of 8 to one of about 35, whereas annealing does not change the pattern (Rössler et al. 2002) . Type A crystals are characterised by a monocline symmetry of the unit cell with a higher density and a lower number of water molecules (only about four per molecule). This structure delays RS3 fermentation by bacteria; therefore, the formation of a small proportion of type A crystals in HMT-Novelose may be responsible for its slower degradation, resulting in a preferred fermentation in the distal colon. Furthermore, HMT facilitates water mobility, which favours the formation of more crystalline structures in HMT-Novelose. The crystal structure of the B type is based on double-stranded helices of glucan chains, which are arranged in a right-handed, sixfold helical conformation and wound around each other in a parallel manner. The double helices are packed anti-parallel in a hexagonal unit cell (Wu & Sarko, 1978) . This RS3 structure is very well fermented.
The established preparative methods have allowed the generation, not only from Novelose 330, but also from other starch sources, of products with a high yield of RS3, high temperature stability and good fermentability for a wide range of applications that may be used to improve health (Lehmann et al. 2002 (Lehmann et al. , 2003 Rössler et al. 2002) .
It was important to prove whether, and in what way, HMT-mediated changes in the composition of HMT-Novelose influenced fermentation activity in the large bowel. It could be shown that Novelose 330 was well fermented in the caecum and proximal colon, whereas the degradation of HMT-Novelose took place beyond the caecum and increased continuously through the colon, resulting in remarkably high SCFA and butyrate concentrations in the distal colon and rectum (faeces; Table 5 ). Corresponding to the high rate of HMT-Novelose fermentation in the distal colon, the growth of bacteria increased significantly, resulting in a nearly twofold increase in wet content (Table 4) .
The high concentration of butyrate and the low pH may be important factors in protecting the mucosa of the distal colon from toxic and inflammatory damages ( Figs. 4 and 6) . A lower pH and an elevated butyrate concentration suppress the formation of secondary bile acids (Christl et al. 1997) , and as a result the secondary bile acid-mediated activation of tumourpromoting effects should be lowered.This would be a benefit of the strong suppression of HDCA formation by an intake of HMT-Novelose (Fig. 6) .
DCA and LCA have been particularly implicated in the promotion of colon tumorigenesis in animals and man (Reddy, 1981) . The formation of these two secondary bile acids was also significantly inhibited by the consumption of HMT-Novelose but not as strongly as was seen for HDCA. DCA has been shown to cause DNA damage in colonocytes, with a subsequent induction of caspases, cyclo-oxygenase 2 promoter and the transcription factors nuclear factor-kB and activator protein-1 (Glinghammar et al. 2002; Zhang et al. 1998) . Binding of bile acids to Novelose 330 and HMT-Novelose will result in less bile acid reabsorption in the terminal ileum (Abadie et al. 1994) , and bile acid concentrations were highest in both the proximal and distal colon as well as in the faeces of control rats (Fig. 3) . This occurs because RS3 consumption stimulates bacterial growth, producing an increase in the wet content of the digesta.
During progression from the proliferative compartment of the colonic crypt to the functional compartment, colonocytes lose their proliferative capability and acquire the characteristics of mature functional cells. The proliferative compartment in rats usually occupies some 30 % of the crypt (Wright & Alison, 1984) . The dynamic balance between the generation, differentiation and apoptosis of colonocytes is mainly controlled by butyrate but, is in addition influenced by many other factors, among them secondary bile acids, which induce an extension of the proliferative compartment in the distal colon.
From the results of in vitro and in vivo studies, it can be concluded that a toxic DCA concentration can be reduced by an intake of the butyrogenic HMT-Novelose. Unphysiological, high DCA concentrations cause 'premalignant' crypt surface hyperproliferation, which can be inhibited by butyrate in vitro (Bartram et al. 1994) . Velázquez et al. (1997) used ligation in the proximal colon distal to the caecum in rats to investigate the effects on proliferation under in vivo conditions after a 24 h intraluminal installation of butyrate and DCA. The authors concluded that low DCA concentrations (5 mM) did not promote crypt surface hyperproliferation but inhibited the proliferative effect of butyrate at the crypt base.
Concentrations of 5 mM-DCA or higher were not found in rats fed Novelose 330 or HMT-Novelose, with a mixture of secondary bile acids occurring only in the range 2-3mM. It is possible that the longer colonic crypt length (Table 7) and bigger mucosal surface of the large bowel in the RS3-fed animals was the result of a small increase in cell proliferation that was limited to the crypt base of the distal colon. In this experiment, an intake of the two RS3 products over a period of 25 d was sufficient to achieve altered homeostasis of the colonic mucosa. The slightly decreased number of Ki-67-labelled cells can be interpreted as a normal, butyrate-controlled rate of proliferation.
Butyrate performs several distinct functions in intestinal cells and in particular is the preferred fuel for the distal colonocytes (Roediger, 1982; Topping & Clifton, 2001) . A sufficiently high butyrate concentration in the distal colon is therefore considered to be essential for maintaining colonic health. Butyrate also modulates the expression of many genes by inhibiting histone deacetylation in a complex manner (Blottière et al. 2003; Merchant et al. 2003) including enzymes and proteins, which protect the integrity of the epithelial barrier.
The surface of the distal colon is continuously exposed to dietary antigens and products of microbial metabolism. An intact epithelial barrier function is therefore necessary to prevent the passage of bacteria, endotoxins and other toxic substances from the lumen into the mucosa. A loss of barrier function initiates mucosal inflammation and injury. A preventive effect on the colonic surface may also result from stimulation of the colonic transit time by high SCFA concentrations (Fukumoto et al. 2003) .
Considering these butyrate-mediated beneficial effects, it can be concluded that HMT-Novelose fulfils the function of a butyrogenic prebiotic substrate better than Novelose 330.
The modified Novelose 330 may therefore be recommended as the source of an excellent prebiotic RS3 for producing functional food in industry.
